Hypertension remains the most common cardiovascular risk factor in developing countries, yet the majority of patients have no access to pharmacological therapy. Population-wide preventive strategies, such as salt restriction, are an attractive alternative, but experience in resource-poor settings is limited. To address this question, we conducted a randomized crossover study of salt restriction in adults living in Nigeria and Jamaica in order to estimate the mean blood pressure (BP) response. After a 4-week run-in period to determine willingness to adhere to a low-salt diet, 56 Jamaicans and 58 Nigerians completed an 8-week crossover study of low-salt and high-salt intake. Baseline BPs were in the normotensive range (systolic ¼ 125 mmHg in Jamaica, 114 mmHg in Nigeria). Baseline urinary sodium excretion was 86.8 and 125.6 mEq/day in Nigeria and Jamaica, respectively. The mean difference between urinary sodium excretion at baseline and at the end of the 3-week low-sodium phase was 33.6 mEq/day in Nigeria and 57.5 mEq/day in Jamaica. During the high-sodium phase, mean change in urinary sodium excretion from baseline to week 3 was 35.0 and 5.5 mEq/day in Nigeria and Jamaica, respectively. The mean change in systolic BP ('high' vs 'low' sodium phase) was approximately 5 mmHg in both groups. This study suggests that the efficacy of sodium reduction in developing countries equals those noted in more affluent cultures. If promoted on a wide scale, sodium reduction could be used to treat persons with established hypertension, and more importantly, to prevent age-related increases in BP in poor communities.
Introduction
High blood pressure (BP) is the third leading disease risk factor worldwide and accounts for 7.1 million deaths due to cardiovascular (CV) disease. 1 Although nutritional deficiencies, resulting from inadequate sources of protein or micronutrients, account for 20% of the global disease burden, westernized dietary patterns and decreased activity leading to hypertension and obesity may soon exceed nutritional deficiencies as the leading disease risk factor. 2 By the year 2020, CV disease is predicted to be the major contributor to disease burden and mortality in both developed and developing countries. 1 This rapid increase in CV disease will compound infectious, nutritional, and perinatal disease burden and probably overwhelm the underfunded health care systems in developing countries. 1 Affordable health promotion strategies are urgently needed to decrease the disease burden due to industrialization and cultural and social changes in these poor resource settings.
Randomized trials have demonstrated that even modest sodium restriction reduces BP in both normotensive and hypertensive individuals, [3] [4] [5] [6] although the reported effects are often variable and modest in magnitude. The debate continues over the extent to which this variable response is conditioned by race and age, or other risk attributes, such as obesity and diets low in fruits and vegetables. In developing countries with limited resources for lifelong drug therapy, salt restriction could be an effective and low-cost approach to decrease the disease burden secondary to hypertension. However, such a policy cannot be vigorously advocated without any direct evidence on efficacy. To address this question, we conducted a randomized crossover study of salt restriction in adults living in two developing countries, Nigeria and Jamaica, in order to estimate the mean BP response. In addition, by comparing genetically related populations living in different social/cultural environments, we examined whether the association between salt restriction and BP is modified by associated differences in the environmental setting.
Materials and methods

Recruitment of Subjects
Previous research in southwest Nigeria and periurban Kingston, Jamaica provided a community setting for these experiments. 7 In Nigeria, participants were recruited from Igbo-Ora and Idere, two rural communities in southwest Nigeria about 50 miles from Ibadan. Research nurses from the Tropical Metabolism Research Unit (TMRU) recruited the Jamaican participants from five neighbourhoods in the vicinity of the University of the West Indies (namely, Mona Heights, Liguanea, Papine, Elletson Flats, and Hope Pastures). Normotensive men and women between the ages of 25 and 55 years who were able to give informed consent were eligible for the study. Exclusion criteria included an inability or refusal to collect urine samples, pregnancy, breastfeeding, or history of diabetes, kidney disease, atherosclerotic vascular disease, and BMI440 kg/m 2 . Subjects who met eligibility criteria were enrolled in the 4-week runin phase of the trial and were requested to follow a diet that would reduce sodium at least 50 mEq below the population mean for 2 weeks and complete one 24-h urine collection. Subjects who were able to collect the 24-h urine sample and meet the adherence goal were then eligible to participate in the study. The Institutional Review Boards of the University of Ibadan, College of Medicine, the University of the West Indies, and Loyola University Medical Center in Chicago approved the study. All subjects gave written informed consent.
Study design
Using a randomization scheme constructed in blocks of four, individuals were allocated to either a low-salt or high-salt diet for 3 weeks, followed by a 2-week washout period and a crossover phase for an additional 3 weeks (Figure 1) . The low-salt diet was designed to achieve a 50 mEq reduction in sodium from baseline maintained over a 3-week period, while the supplements were anticipated to result in a 50 mEq increase in baseline sodium maintained over a 3-week period.
The primary sources of salt in the study communities were determined from data collected by nutritionists in the research team. The dietary studies included a compilation of the food items, a description of the frequency at which the foods that were eaten, eating patterns (eg, the distribution of foods for morning/mid-day, and evening meals, where meals were eaten, description of who prepared the food, etc.), and recipes. Using open-ended questionnaires, 30 subjects were interviewed. The questionnaires contained items on sources of salt in the food and how commonly known sources of sodium (apart from table or cooking salt) were used in preparation of meals. Very little processed food was consumed in Nigeria and the primary sources of sodium included rock salt (or potash), seasoning cubes (such as Maggi or Royco), and fermented locust beans (iru). 8 In Jamaica, high-sodium sources included salted meats and fish and commercially prepared and processed foods. A list of foods and eating patterns were then used to provide background on sources of sodium at each site and to structure the intervention diet. Case managers provided information and counselling to participants to help identify dietary sodium sources and enhance behavioural skills for reducing intake. Each participant met with the case manager at the prerandomization visit and at the beginning and midpoint of the low-salt and high-salt phase. To improve compliance, Jamaican participants were also provided with prepackaged, low-sodium spices (Island Spice Ltd) to aid food preparation. Participants in Jamaica were also offered the option of purchasing specially prepared low-sodium food at their own expense from a local vendor.
During the high-salt diet, participants were instructed to consume their regular diet and take four capsules containing 16 mEq salt each (Technology Research Corporation, Chesterfield, MO, USA). Compliance was monitored by a daily log and pill counts at each visit, supplemented by telephone calls in Jamaica and home visits in Nigeria.
Blood pressure and anthropometrics
Standardized procedures of training, certification, and recertification for BP and phlebotomy developed by the Department of Preventive Medicine and Epidemiology at Loyola University were implemen- Trial on sodium reduction T Forrester et al ted for this study. 9 Three seated BP measurements with the standard mercury manometer and three readings with the Omron automatic device were taken during each visit by trained research technicians after the participant had been quietly seated for 5 min. In order to standardize conditions for the measurement of BP, participants were requested to avoid strenuous exercise, eating or drinking anything other than water, and smoking for at least a half-hour before the clinic appointment when BP was measured. A cuff of appropriate size was chosen by measuring the circumference of the participant's right arm at the midpoint between the acromion and the olecranon. The average of the second and third manual or Omron reading was defined as the participant's BP for each visit.
Weight was measured at each visit to the nearest 0.1 kg ulitilizing a calibrated electronic digital scale. Standing height (measured without shoes), waist and hip circumference were measured to the nearest 0.1 cm. Body mass index (BMI) was calculated using the measured weight and height as kg/m 2 and waist/ hip ratios were also determined.
Laboratory measurements
A 24-h urine sample was collected at baseline and at the end of the third week of the low-salt and highsalt phase. Urine sodium and potassium were measured by flame photometry and the intra-assay coefficient of variation ranged between 0.5 and 5.0% for sodium and potassium in the two participating laboratories.
Statistical analysis
Continuous variables were compared using the Wilcoxon rank sum test, and the Wald w 2 test was used to compare categorical variables. To determine the group BP and urine sodium excretion changes between the low-salt arm and the high-salt arm, we used a fixed-effects model. 10 BP response was defined as the difference in BP between the highsalt and low-salt phases. The model adjusted for baseline systolic BP, period effects, age (continuous variable), and sex. We then examined the BP change among individuals in the upper half of the BMI or sodium change (baseline to low-salt phase) distribution, by adding categorical dummy variables representing these factors in the model. The fixed-effects model was applied to both the Omron and manual BP readings and then repeated using the average of the Omron and manual BP measurements. In order to determine effect modification by environment, we added an interaction term between environment and the low-salt intervention to the fixed-effects model. We also examined BP change in those in the upper half of the BMI distribution, and in the upper half of the sodium change distribution. To examine urine sodium changes between the low-salt and high-salt phases, the mixed-effects model adjusted for baseline urine sodium excretion, period effects, age (continuous variable), and sex.
Results
The intervention trials included 58 participants in Nigeria (34 men) and 56 in Jamaica (34 men). Among the 110 Nigerian adults initially screened, 88 were determined eligible for the run-in phase and 86 agreed to participate. Overall, 58 of 86 Nigerian individuals who agreed to participate (34 men) successfully completed the run-in phase and were invited to participate in the trial. In Jamaica, 1471 men and women were screened, 83 were eligible to enter the study and 56 completed the study. The characteristics of the study participants are shown in Table 1 . The Nigerian participants were older than the Jamaican participants (46.
Changes in urine sodium excretion during the low-salt and high-salt phases by study site are shown in Figure 2 . Prior to the low-salt phase, baseline mean urine sodium excretion was 86.8 and 125.6 mEq/day in Nigeria and Jamaica, respectively. The mean difference between urinary sodium excretion measured at baseline and at the end of the 3-week low-sodium phase was 33.6 mEq/day in Nigeria and 57.5 mEq/day in Jamaica. During the high-sodium phase, urine sodium excretion was 92.3 and 149.6 mEq/day at baseline and increased by 35.0 and 5.5 mEq/day in Nigeria and Jamaica, respectively, after 3 weeks. No significant change was noted in urinary potassium excretion at either site among participants during the low-sodium or high-sodium phase of the trial compared to baseline levels. After adjustment for baseline urine sodium excretion, period effects, age and sex, the mean net change in urinary sodium excretion between the low-salt and high-salt phases was 72.2 mEq/day in Nigeria and 78.8 mEq/day in Jamaica.
Changes in systolic and diastolic blood pressure during the low and high salt phases by site and by type of BP measurement are shown in Figures 3 and  4 . Table 2 shows the results of the fixed-effects model for BP changes. The mean change in manual systolic and diastolic BPs between the low-salt and high-salt phase was 5.1 and 2.2 mmHg, respectively, in Jamaica, after adjustment for covariates. Among the Nigerian participants, manual systolic and diastolic BPs during the low-salt and high-salt phase differed by 4.8 and 3.2 mmHg, respectively. The mean changes in systolic and diastolic BP were consistent for both manual and Omron BP readings and the grand mean (Table 2) . We noted no significant BP change associated with being in the upper half of BMI or sodium change distribution among the Nigerian or Jamaican participants. In addition, there was no significant interaction between salt reduction and the effect of site, BMI, or measured change in sodium on systolic or diastolic BP.
Discussion
In this crossover study in two developing countries, a 70 mEq reduction in sodium intake decreased systolic BP by approximately 5 mmHg in both the Nigerian and Jamaican participants. The mean baseline urinary sodium excretion in Nigeria and Jamaica was similar to urinary sodium excretion reported by The International Collaborative Study of Hypertension in Blacks. 11 The BP responses to sodium restriction are also consistent with studies performed in mostly white individuals living in developed countries. 6 Using data from 68 crossover trials and 10 randomized controlled trials of salt reduction and BP, Law et al 6 reported an average of 5 mmHg decrease in systolic BP with a 50 mEq reduction in daily sodium intake. Moreover, we noted a consistent association between systolic BP changes and sodium reduction across environments; thus, the association between sodium reduction and systolic BP was not modified by environment to a detectable degree.
Previous studies performed in Western populations suggest that a 5 mmHg reduction in systolic BP would prevent approximately 20% of deaths due to stroke and 9% due to ischaemic heart disease and would decrease the number of individuals requiring medical treatment for hypertension by 50%. 6 It is likely that a 5 mmHg sustained reduction in systolic BP at the population level in developing countries would lead to similar or larger decreases in stroke incidence. Moreover, because the association between BP and stroke is present across the entire BP distribution, a sustained decrease in BP would lead to CV disease risk reduction, especially strokes, at all levels of baseline BP. 10 Older people may benefit more because the response of BP to salt reduction increases with age. 6, 12 A 50 mEq reduction in sodium intake may be obtained by avoiding highsalt foods and the addition of salt at the table. This does not require substantial changes in dietary habits. Participants readily accepted the rationale for the reduced sodium diet and demonstrated Urine Sodium Excretion (mEq/day) Figure 2 Change in urine sodium excretion from baseline to week 3 during low-salt and high-salt phase by site.
Trial on sodium reduction T Forrester et al excellent adherence. We did note, however, that some participants had difficulty adhering to the high-salt regimen, especially among Jamaicans who had a high-salt intake at baseline. Some participants who received the 'high' salt as the second condition reported intolerance to the taste, and their difficulty adhering to the salt tablets is reflected by the small increase in urinary sodium excretion during the high-salt phase. The high proportion of food cooked at home or purchased from local vendors facilitated control of sodium intake. In Nigeria, processed foods are limited and these participants achieved substantial reductions in sodium by simply not adding salt during meal preparation. On the other hand, Jamaican participants were exposed to a wider variety of high-sodium content processed and convenience foods compared to Nigerian participants. Thus, dietary changes required in Jamaica to achieve a sustained reduction of 50 mEq sodium/ day were more extensive than in Nigeria. In order to meet the targeted reduction in dietary sodium, Jamaican participants substituted low-sodium alternatives for table salt and other high-sodium condiments, restricted their consumption of fast foods and other convenience foods, and also adopted food preparation practices aimed at reducing overall salt content. In addition, in Jamaica, participants who found the choice of foods consumed away from home severely constrained were offered the option of buying the reduced salt lunch because almost all convenience foods are high in sodium.
Owing to the crossover design and short duration, this study could not determine the acceptability or sustainability of a 70 mmol reduction in daily sodium intake. In addition, extension to policy requires the inference that a sustained reduction in sodium intake would decrease the incidence of clinical events. The small number of subjects and the volunteer nature of the recruitment limit the generalizability of this study. Information on 24-h creatinine concentrations was not available on all participants. Although participants were requested to report the exact start and stop times for urine collection, we could not verify adequacy of the 24-h urine collection. The composition of the diet eaten by our participants in Nigeria and Jamaica contained less fat and animal products compared to the US diet. The emergence of a 'fast food' market in Jamaica has begun to alter the composition of the average diet. The DASH study demonstrated that a diet rich in fruits, vegetables, and low-fat dairy foods reduced total and saturated fat and decreased BP in the absence of sodium restriction. 6 The Nigerian diet contains a high amount of fruits and vegetables and may in part account for the lower prevalence of hypertension in Nigeria. 11 The addition of sodium restriction to the DASH diet decreases systolic BP 7-12 mmHg. 5 Thus, with the exception of low-fat dairy foods, individuals living in developed countries, particularly those in the tropics, have the potential to consume quantities of fruits and vegetables similar to the DASH diet.
The claim has frequently been made that US blacks have increased 'salt sensitivity,' [13] [14] [15] although the evidence base for this conclusion is not consistent. 12 Our data suggest a response to changes in sodium intake that are entirely consistent with experience in other countries and ethnic groups. Potassium intake among the Nigerian and Jamaican participants was higher than levels reported among US blacks. [13] [14] [15] Since potassium intake is inversely Trial on sodium reduction T Forrester et al related to BP and sodium retention, [16] [17] [18] we cannot exclude the possibility that higher potassium intake in the Nigerians and Jamaicans led to reductions in BP similar to previous reports in white populations. [13] [14] [15] According to the 2001 World Health Report, CV disease accounts for over 30% of all deaths due to noncommunicable conditions in developing countries in the Americas and 40-44% in African countries. 2 In addition, stroke is the second leading cause of CV death after ischaemic heart disease in most third world nations. 2 Hypertension prevalence among the African Diaspora currently ranges from 15% in rural Nigeria to 25% in the Caribbean and 33% in the US. 11 In developing countries with high mortality, hypertension is now one of the top 10 disease risk factors, second only to alcohol use. 2 In order to address the pending epidemic of CV disease, these developing countries must develop low-cost programmes, which can be implemented on a national level. Compared to the US where health expenditures exceed $4500 per capita, developing countries such as Nigeria and Jamaica have very limited resources. Currently, Nigeria spends only 2% of its gross domestic product ($20) on health expenditures. In Jamaica, health expenditures are 5.5% of the gross domestic product or approximately $200 per capita. 2 In conclusion, we demonstrated that moderate reductions in sodium intake reduce systolic BP an average of 5 mmHg in normotensive adults living in Nigeria and Jamaica. These findings are consistent with previous salt reduction studies performed in westernized populations. Public health agencies in developing countries should examine mechanisms to achieve sustained reductions in sodium intake at the population level in order to decrease the burden of disease secondary to increased BP.
